Girls are born lighter than boys. The consistency of this observation across different populations is striking, suggesting that it may have fundamental significance for those conditions linked with lower birth weight, such as diabetes. Previous hypotheses relating low birth weight to subsequent diabetes have addressed differences in insulin resistance within the sexes, not between them. Here, we propose that gender-specific genes affecting insulin sensitivity are responsible for the gender difference in birth weight -the genetically more insulin resistant female fetus is less responsive to the trophic effects of insulin and is therefore smaller. These genes also render female subjects more susceptible to diabetes, explaining why reports of type 2 diabetes (T2D) in younger populations show a female preponderance. Consistent with our proposal, concentrations of insulin and/or its propeptides are higher at birth in female populations and they are intrinsically more insulin resistant throughout life, with attendant impact on their metabolism, and the regressions describing the relationship between insulin resistance and adiposity in female and male subjects have similar gradients, but different constants. These gender-specific genes have a demonstrable impact on fetal growth and insulin resistance. Diabetes and cardiovascular disease are thought to be driven by insulin resistance, and the observations reported here may help to focus the search for genes that control it.
Introduction
The existence of a gender difference in birth weight appears to be universal 1 suggesting that its mechanism is likely to be of fundamental importance. The observation that girls are born lighter than boys also has implications for the hypotheses that seek to relate low birth weight to subsequent diabetes and cardiovascular disease. For example, according to the fetal origins hypothesis, 2 low birth weight acts as a marker of poor fetal nutrition and resultant gestational programming, the latter predisposing in turn to subsequent cardiovascular disease. In this context, the difference in birth weight between boys and girls implies either that intrauterine undernutrition discriminates in some way between the sexes, or that the sexes respond differently to nutritional stimuli, probably for genetic reasons. The latter explanation seems the more likely, and we propose that the gender difference in birth weight marks a reduced fetal response to insulin in female subjects compared with male subjects, due to sex-specific genes affecting insulin sensitivity.
This gender insulin hypothesis is a distinct and crucial modification of the fetal insulin hypothesis, 3 which proposed that the association between low birth weight and subsequent diabetes is mediated principally by genes. That hypothesis was inspired by observations on the effects of reduced fetal insulin concentrations on fetal growth in individuals affected by mutations in the glucokinase gene.
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The relationship between maternal insulin resistance and birth weight is difficult to investigate in mother-offspring pairs because pregnancy is itself a variably insulin-resistant state, tending to confound the reduction in birth weight that might otherwise be observed where insulin resistance genes are shared by mother and offspring. For this reason, the authors suggested that their fetal insulin hypothesis be tested instead on father-offspring pairs -looking for an inverse association between paternal insulin resistance and offspring birth weight. Two studies have tested the hypothesis in this way 5, 6 (other cross-sectional surveys have examined offspring birth weight and parental insulin resistance or diabetes in late adulthood, 7, 8 but may have been affected by survival bias, and are not reported here). Both used homeostasis model assessment of insulin resistance (HOMA-IR), 9 which has been validated in children against the euglycemic clamp. 10 In India, the Pune Maternal Nutritional Study found that the relationship between paternal insulin resistance and birth weight was direct rather than inverse, and that it appeared to depend on paternal body mass index (BMI). 5 The EarlyBird Study (UK) conducted similar, but this time sex-specific, analyses (controlling for paternal BMI) on a cohort of healthy young children and their parents. 6 It found an inverse relationship between paternal insulin resistance and birth weight in girls (r ¼ À0.20, P ¼ 0.053, n ¼ 96), consistent with the hypothesis, but a direct relationship in boys (r ¼ 0.18, P ¼ 0.045, n ¼ 117), challenging it. These regressions were significantly different (Po0.01), consistent with a sex-specific genetic contribution to insulin resistance. We propose that female subjects are intrinsically (genetically) more insulin resistant than male subjects. Several predictions follow.
At birth, concentrations of insulin and/or its precursor peptides should be higher in female populations Samples taken at or shortly after birth provide privileged information, given the absence at this age of insulin resistance acquired from the postnatal environment. In one large study of 211 boys and 180 girls, cord plasma concentrations of proinsulin and split proinsulin were significantly higher in girls (15.2 vs 14.0 pmol/l for proinsulin, P ¼ 0.03, and 12.2 vs 9.3 pmol/l for split prosinsulin, P ¼ 0.01), suggesting increased beta cell demand. 11, 12 In another study of 213 one-week-old healthy babies (101 boys and 112 girls), insulin concentrations were higher in girls (19.7 vs 15.2 pmol/l, P ¼ 0.01). 13 Importantly, the same gender difference is also found in the offspring of diabetic pregnancies, 14 suggesting that the gender-specific modulation of insulin concentrations is retained despite the exaggerated stimulation of fetal insulin secretion during a diabetic gestation. However, the most compelling evidence for the link we are proposing between insulin resistance and the lower birth weight of girls comes from a recent report of cord blood insulin levels. (Hattersley A, personal communication) Girls at birth were a mean 111 g lighter than boys (P ¼ 0.01), and this was associated with a 13.3% higher cord insulin (P ¼ 0.03) and a 32.2% higher cord total proinsulin (Po0.001). The difference in cord insulin was greater still when the genders were pair-matched for birth weight (18.1%, P ¼ 0.004). Given that insulin is the principal growth factor in utero, and that cord blood is essentially fetal, the finding in girls of lower weight at birth despite higher insulin concentrations at birth suggests that they are intrinsically more insulin resistant than boys.
Female subjects should be intrinsically more insulin resistant than male subjects throughout life Studies of insulin resistance in young populations consistently show higher fasting insulin concentrations in girls. [15] [16] [17] [18] [19] [20] [21] [22] [23] This sex difference in insulin resistance has usually been attributed to differences in adiposity or pubertal stage, but in studies which have adjusted for these factors 15,18 a residual difference remains which has not been explained. We have shown that girls are substantially (B33%) more insulin resistant than boys at 5 years 24 and in the years leading up to puberty. 25 Crucially, the sex difference in insulin resistance remains after adjustment for a wide range of variables with which insulin resistance correlates ( Table 1 ), suggesting that the difference is intrinsic. 24 Fathers in the same study were, as expected, more insulin resistant than the mothers, 24 but this apparent switch in sex difference from childhood to adulthood reversed after adjustment for waist circumference (Table 2) . 26 Waist circumference is a surrogate for visceral fat which is believed to underlie acquired insulin resistance. Following adjustment, The adjustments are first made separately for each factor, and all together in the final row (data from Murphy et al. 24 ).
a Mean of five sites. Abbreviations: BMI, body mass index; VF, visceral fat. Table 2 Mean insulin resistance (back-transformed log, where the data are first converted to logarithms, the mean established and the anti-log of the mean reported) in girls and boys at 5 years, and in their mothers and fathers, before and after adjustment for waist circumference (data from Murphy et al. 24 Regressions describing the relationship between (log) insulin resistance and waist circumference in men and women should have similar gradients, but different constants Figure 1 compares the relationship in women and men between (log) insulin resistance and waist circumference (data from Murphy et al. 24 ). The gradient describes how insulin resistance changes with waist circumference, and the constant (intercept on the y axis) insulin resistance that is independent of waist circumference, that is, intrinsic. Visceral and subcutaneous fat both contribute to waist circumference, and women carry more subcutaneous fat than men for a given amount of visceral fat. 28 In addition, removal of subcutaneous abdominal fat has little impact on insulin resistance 29 suggesting that its contribution to insulin resistance is small. Given these observations, one would expect that for any given waist circumference, women should be less insulin resistant than men. However, the opposite appears to be true -the observed displacement of the intercepts (Figure 1 ) is substantial and significant (female subjects higher, Po0.01), suggesting that female subjects are intrinsically more insulin resistant.
(By contrast, the gradients are similar for men and women (P40.5), suggesting that the response of insulin resistance to rising waist circumference is similar in both sexes.)
It is not as simple to test the corresponding relationships in young children, where significant proportions (26% boys and 13% girls) have an insulin concentration below the threshold of assay detection (2 mU/l, crossreactivity with proinsulin o1.0%). Importantly, however, for all values of waist circumference where insulin levels were measurable, girls show a mean log insulin resistance significantly higher than the boys (data not shown).
Female subjects should be more susceptible to diabetes and the metabolic syndrome than male subjects Reports of T2D in young people show a consistent predominance among female subjects (Table 3 ). The higher prevalence might in principle be explained by gender differences in anthropometry or physical activity, although such explanations are unnecessary. As noted above, girls are more insulin resistant than boys even after taking anthropometry into account, 15, 18, 24 and significant differences in physical activity are unable to explain the sex difference in insulin resistance. 24 Diabetes is commoner among male subjects once they enter adulthood, 53 perhaps because they acquire more central fat. However, women are more prone than men to develop diabetes for any given BMI (Figure 2) , 54, 55 suggesting that although men may be at greater risk of developing diabetes, women are more susceptible. Some of the apparent increase in susceptibility may of course reflect the fact that any given BMI in women represents a higher percentage of body fat than in men.
Maternal glycaemia during pregnancy should have less impact on the birth weight of girls than of boys The original report linking birth weight to MODY 2 (maturity onset diabetes of the young type 2) demonstrated how modest differences in maternal glucose have large effects on birth weight. 4 Although gender differences were not tested in that report, the same kindreds (or kindreds like them used to demonstrate the role of fetal insulin in fetal growth) could also be used to test the present hypothesis. The response of fetal growth to maternal glucose is exquisitely sensitive. Common polymorphisms of the glucokinase promoter gene raise pregnancy fasting glucose by just 0.075 mmol/l, but birth weight by 64 g. 56 Assuming that glucokinase gene(s) and our putative gender-specific insulin resistance genes act independently of each other, we would predict that the gender difference in birth weight will be amplified in the unaffected offspring of MODY mothers -the intrinsically more insulin resistant female fetus will be less responsive to the exaggerated trophic effects of fetal hyperinsulinemia. The same prediction would apply to pregnancies where the mother has type 2 diabetes (T2D), unless people with T2D are distinct from those with insulin resistance but no T2D. It is likely that many genes and environmental factors influence birth weight. The idea that sex-specific genes Why girls are born lighter than boys TJ Wilkin and MJ Murphy might explain why girls are born lighter than boys is not new (indeed it is intuitive). It has previously been suggested that androgens might mediate the difference, 57,58 and certainly they are plausible candidates as factors that link birth weight, insulin resistance and gender. Alternatively, one genomewide study of genes for diabetes (the GENNID study) has identified a locus on the X chromosome that appears to be linked to diabetes and glucose intolerance (map position 130 cM, LOD score 2.99), 59 and subjects with Turner's syndrome (karyotype XO) have a high risk of T2D (relative risk 4.4 in one large study 60 ).
The search for genes that influence insulin resistance and birth weight has met with limited success, [61] [62] [63] [64] [65] [66] in part because of the difficulty in separating genetic from gestational effects on fetal growth. The gender difference in birth weight is readily measured and reflects the combined impact of our putative sex-linked genes on fetal growth. Moreover, it should be possible to provide the required phenotypic linkage as the prevalent metabolic disorders of young populations -insulin resistance and T2D -are readily characterised. We suggest that the hunt for insulin resistance genes might usefully focus on those that account for the gender difference in birth weight, and may reasonably start with one chromosome pair, rather than 22. Why girls are born lighter than boys TJ Wilkin and MJ Murphy
